Climate change is having short-and long-term impacts on surface and groundwater in the northern part of the African continent. This has led to a wide range of consequences that have added pressure on the groundwater systems in this part of the world. Among such pressures, we can cite the mal-distribution and the irregularity of precipitation and ice, flooding, evaporitic sediments input by the drainage net, water degradation, mud stagnation in dams, dead tranche, drought, decreasing of the natural recharge and increasing of the groundwater abstraction, conflict between trans-boundary waters, desertification, imbalance between the regions, migration, revolution, socio-economic imbalance, etc. Actually, watermonitoring networks indicate noticeable hydrogeologic variations and a rise of the groundwater salinity. It was confirmed by the geochemical analysis of water resources that showed scattered data between the northern part characterized by low mineralized groundwater (TDS ranging 0.4-3 g/l) and the southern area where the salinity ranges from 2.5 to 90 g/l. The obtained values are far above the permissible limits for both human consumption, agricultural and tourist activities. These effects, when compounded, are anticipated to worsen the situation and to constitute veritable threats for social and economic development in these regions of North Africa (Morocco, Algeria, Tunisia, Libya, Egypt, etc.). The potential solutions consist of taking urgent to utilize the intelligent technology (bio and nano-technology), policies relevant policies to manage water resources, and the engagement of private, civil, and international sectors if a major crisis is to be averted (collective effort).
Introduction
In North African arid/desert lands, groundwater (depth > 500 m) is the only source of water supply for most of the local demand (agricultural, industry, tourism, and domestic) . Just like most of the countries in the world, the populations in southern Mediterranean countries live under water stress (< 450 l/person/year), defined as those using more than 20% of their renewable water resources (WBGU 2003) , while the withdrawal of over 40-50% mean serious water stress (Pittock 2007; Melki et al. 2017; El Gayar and Hamed 2017; Hamed 2017) . Currently the ONU estimates that in 2025, 25 African countries are expected to suffer from water scarcity or water
Description of the study area
The study area is located in the southern Mediterranean basin, bordered to the south by the great desert of Africa (Fig. 1) . Climate effect place in North Africa over multimillennial timescales has led to the region experiencing multiple episodes of conditions wetter than nowadays, interspersed with dry phases. The water resources available in this region today are limited under Saharan conditions, but a legacy of groundwater resources remaining from wetter conditions during the late quaternary (Pleistocene/Holocene), are a significant asset. The major regional multi-aquifer systems are at depths between (500 and 3000 m) (Hamed et al. 2008 (Hamed et al. , 2010a (Hamed et al. , b, 2014 Mokadem et al. 2016; Hamed 2017) .
The climate of the study area is typical Mediterranean with some Atlantic oscillations, with dry to desertic summers and rainy autumns and springs. Precipitations (solid/ liquid/gas) are strongly related to the altitude, seasonal changes, with about 90% occurring in the period from September to April (recharge period). The Atlas range of North Africa constitutes the recharge area of the totality of the northern part of the study area, but the Sahara constitutes the discharge area of the southern part of this study area. This part (Grand Erg of North Africa) is more arid (45 °C < Temp summer < 60 °C) receiving an annual average close to 50 mm/year. It is characterized by violent sandstorms.
Climate change effects on surface water in North Africa
The most noticeable impacts of climate change, which have been widely studied and discussed by a great number of scientific papers, are mainly related to surface water quality and quantity changes. The climate changes' direct effects are expected to affect soil, land cover, and hydrologic systems by increasing temperature, high evapo-transpiration potential and great variability of rainfall in terms of timing, form and quantity expressed by increasing frequency of extreme events as floods and droughts (IPCC, TAR 2001; Bates et al. 2008; Hammouri et al. 2016; Hamed 2018) . The less replenishment of surface water will be more obvious in semi-arid and arid regions where most of the predictable impacts are already occurring regardless of climate variability, and climate change is expected only to exacerbate these trends (Hamed 2017; Hammouri et al. 2016) .
North-African countries are facing numerous environmental challenges related mainly to water scarcity issues, as the major economic sectors, especially agriculture, are extremely vulnerable to current climate sensitivity (Radhouane 2013; Hamed 2017 Hamed , 2018 . The study area has undergone arid to semi-arid climate changes marked by seasonal contrasting climatic variables. Influenced by a temperate Mediterranean climate, with moderately hot summers (30 °C < Temp < 50 °C) and cold winters (− 15 °C < Temp < 20 °C), rainfall gradually decreases from the Atlas range (north) to the Sahara "Grand Erg of North Africa" platform (south) (Mokadem et al. 2016; El Gayar and Hamed 2017) . In many days, North Africa suffers from sandstorm effects from the Grand Erg (North Africa Sahara). On March 2018, the Mediterranean basin (southern Europe and northern Africa) experienced a major climate change. Sea waves of the order between 5 and 10 m in height have been observed in the coastal regions (Algeria, Tunisia, Spain, and Portugal), snowstorms in the Atlasic regions of North Africa (higher than 1000 m in altitude) and wind storms (150 km/h) in the desert regions of the Erg Basin of northern Africa (Algeria, Tunisia, and Libya). These sandstorms from the south are the primary causes of desertification (advancing of sand dunes) from south to north, especially in the Grand Erg Sahara (Oriental and Occidental).
The southern Mediterranean region faces an increasing water demand for agriculture, industry, and tourism, while climate change projections forecast an increase of temperature, decrease of precipitation, and increased occurrence of extreme events.
The outline of the Mediterranean basin, and especially North Africa, is very vulnerable to flooding. The flood is the most prevalent disaster in these regions. The typical example is the Majerda Basin (transboundary basin between Algeria and Tunisia). Figure 1 shows the origins of surface water mineralization in the transboundary Algero, Tunisian (Hamed 2015a, b) Majerda Basin (Hamed et al. 2012) . The high altitude of Atlas range of NE Algeria (recharge area), constituted by the Triassic friable deposits (gypsum, halite, clay, etc.), the mines of "Fer" discharges (Hajjar, Boukhadra, Ounza, etc.) and currently this basin will also suffer from the discharge of the mining activity of phosphate "phosphoric acid" from Ferphos (Tebessa/Souk Ahras: under study project), the intensive agricultural activities caused many problems in the drainage network of the Majerda Basin (Figs. 1, 2) . The most detrimental damage is observed in the discharge area (Gulf of Tunis, Tunisian territory). Figure 3a shows the climate effect on surface water in the Tabarka region and especially in the Sidi El Barrak Dam. This dam is targeted to store a large stock of water for use in agricultural, industrial, domestic, and tourist activities, but as a result of this climate change, the water quantities in the dam have dwindled down and are of bad quality; on the other hand, the amounts of sediments have become very important (Fig. 3b) . The same phenomenon is observed in the Algerian territory (Aïn Dalia, Kissir, Ourkis, Koudiet Lamdaouar, etc.), especially in the Béni Haroun Dam, which is one of the biggest dams in North Africa.
The Beni Haroun Dam (Fig. 4) is a large strategic hydraulic complex in Algeria located in the Mila area in northeastern Algeria. This dam is classified as the second dam in North Africa after that of "as-Sad al-Aly"-Assouan, Egypt, with 169 billion cubic meters of water. The 120-m-high dam is the largest dam in Algeria with a capacity of 960 million cubic meters. The dam consists of a dike reinforced with 1.5 million cubic meters of compacted rolled concrete. With its large raw water pumping station, which has a capacity of 180 MW, the dam supplies drinking water by direct transfer "canalization of meteoric water" to several areas bordering the Mila region, including Jijel, Constantine, Oum El Baouaki, Batna, and Khenchela Basins. The dam also provides a significant amount of irrigation water for a few hundred hectares of farms in neighboring areas. This dam is currently suffering from siltation and water capacity reduction problems due mainly to climatic fluctuations in northern Africa (Fig. 4) .
Riverine floods are a natural phenomenon; they have always occurred, and populations have benefited from them to whatever extent possible (for example, in ancient Egypt the natural annual flooding of the Nile brought much-needed nutrients to irrigated soils) . In recent times, humans have become more exposed to flood risk as encroachment into flood plains and lack of flood response plans increased the damage potential. The typical example is Bousalem region at the NW Tunisian when the impact of the floods is very important.
In the southern part of Tunisia, another phenomenon unfolds. The stagnation of surface water at the Dams (El Khangua, El Oudei, Lalla, Om Lagsab, and Tataouine) and at the collinear lakes, and due to the high evaporation (40 < Temp summer < 55 °C/12 to 14 h/day), and about the stable isotope composition (1.64‰ for δ 18 O and 0.56‰ for δ 2 H), the waters become too salty, degrading the waters of the shallow aquifers (the good quality aquifer "2 < TDS < 3 g/l" is recharged by poor-quality water "4 < TDS < 6 g/l"). Several other problems appear following this phenomenon of climate change such as: eutrophication "H 2 S production via the bacteria", water diseases, insects, etc. (Fig. 3b) Hamed 2015a, b) .
The following simplified equation typifies the anoxygenic photosynthesis in purple or green sulphur bacteria (Warren 2016) :
In the Algerian territory, this phenomenon of stagnation of surface waters is very important in relation to Tunisian territory and therefore more catastrophic than Tunisia. Also, this trans-boundary Algero, Tunisian basin suffers from drought and the wastewater/waste sediment of phosphate Company (CPG/GCT-Gafsa-Tunisia and FERPHOSBir Elatter/Tebessa, Algeria). According to recent studies, droughts are endemic in both southern Europe and northern Africa (Pavel 2003; Khelifi et al. 2014 Khelifi et al. , 2017 Mhamdi et al. 2014; Hamed 2017 Hamed , 2018 El Gayar and Hamed 2017) .
Climate change effects on groundwater in North Africa
Besides the direct effects of climate changes impacts on surface water availability and its suitability for utilization, the assessment of climate variability consequences on groundwater resources is still more complicated. Potential impacts of the drought trend on subterranean hydrogeologic systems are often evaluated in terms of quantity and quality deterioration depending on both natural and anthropogenic effects (IPCC, TAR 2001) . Direct effects are related to the infiltration of rainfall water, changing in recharge conditions, and interaction with surface water while indirect effects are attributed to removing water from storage and increasing pumping, which may affect hydraulic conductivity, storage capacity, and compaction acceleration of the aquifer.
In the southern Mediterranean countries, the sensitive sectors are directly related to the exploitation of subterranean water reservoirs. Thus, the combined effects of arid conditions and climate change, leading to increased deterioration of groundwater resources, have been widely observed in many regions in the study area. Besides the increasing salinity issues clear enough in North Saharan basin, water resources in these regions are undergoing severe water quality deterioration. Pollution is among the most important threats for water resources in these regions where climate variability and the resulting human pressure will increase the spread of this pollution.
Both natural severe climate conditions and anthropological activities led to the hydrocarbon pollution of the Continental Intercalaire aquifer systems, the largest transboundary aquifer in North Africa (Algeria, Tunisia, and Libya). This contamination is irreversible and incurable. Its diffusion is of a hidden nature and difficult to manage (Hamed 2015a, b; ). Water scarcity issues in these areas in the future are not only related to the availability of water resources but also to their suitability for different uses and especially for domestic and agricultural purposes.
In this regard, different approaches have been used in the evaluation of the groundwater quality for particular uses (Hamed et al. 2012 (Hamed et al. , 2013 Besser et al. 2017b Besser et al. , 2018 Hadji 2017) . Previous works proved that these waters are often unsuitable for both domestic uses and agricultural activities. The increasing exploitation of these saline and brackish waters leads to increasing risks for soil salinization and alkalinization. In the "Grand Erg" basin of North Africa (southern Tunisia and Algeria), the continuous exploitation of saline groundwater resources induces a severe soil degradation (Ben Hassine et al. 2016; Hamed 2017) . It may affect the main sector directly related to population incomes the agriculture by reducing yields and affecting crops quality.
Increasing groundwater salinity in coastal aquifers is mainly attributed to their overexploitation exceeding the regenerative capacity of the reservoir, which adds another dimension to the problem of water quality degradation. The decrease of the piezometric level below the seawater level induces continuous saline water intrusion from the sea to the coastal aquifer. These highly mineralized resources are often unsuitable for particular uses. In Tunisia, this phenomenon is widely expressed along the Mediterranean costs of the country mainly in the southeastern part (Gabès Gulf) as well as in the Cap-Bon areas (Tunis and Hamamet Gulfs) (Paniconi et al. 2001; Trabelsi et al. 2007; Agoubi et al. 2013; Kharroubi et al. 2014) . The sea water intrusion in coastal aquifer (Fig. 5) can be explained by both natural causes, expressed by high sea level and climate change effects, and manmade perturbations attributed to continuous exploitation of the low renewable aquifers of arid and semi-arid regions. The marine intrusion has affected almost the entire coastal zone and essentially areas with strong agricultural or industrial/tourist activities (Annaba, Tunis, Hammamet, and Gabès Gulfs). Currently, following these unfavorable conjunctures, which are the seat of an imbalance on a socio-economic level, it is time to reflect on the project of management and mobilization east-west and north-south surface water (rainwater of dams), moving towards the transfer of seawater mainly to the Gafsa mining area (under study project, Hamed et al. , b, 2018 , also towards the recycling of wastewater, etc. (Fig 5) .
Overall, climate change carries threats related to the proliferation of diseases affecting wildlife and the intensification of plant pest activity (increase in generations). They threaten increase the risks to human health essentially. Climatic and environmental variations strongly influence the dynamics of epidemic plagues in Tunisia, such as meningitis, affecting between 20 and 30 people per year (HR-Gafsa and Gabes) (2013 is chosen as the reference year for our study in the two areas already mentioned). In 2014, the region of El Hamma (Gabes, Tunisia) also experienced the proliferation of another epidemic known as hepatitis A, caused mainly by the consumption of water contaminated bacteriologically under the effect of the contamination of the water table by discharges from septic tanks in the region following a cessation of drilling SONEDE for a few days followed by a rainy season that has led to an increase in piezometric levels, especially surface aquifers that are more vulnerable to pollution and which are similarly more exploited by the population of the region (Hamed 2015a, b) . In this region of El Hamma, the thermal groundwater (20 °C < temp < 90 °C) is overexploited in agricultural activities (biological agricultural in El Kbayet oases), industrial sector (GCT-Ghanouch), and also in therapeutic traditional baths (Fig. 6) (Hamed 2017) .
Similarly, the continuous exploitation of low renewable continental aquifers, especially in southwestern Tunisia and Algeria, gives rise to leakage and interference issues between different water-bearing strata. This situation is aggravated by the presence of Chotts aquifer and the risks of saline-brackish water interference from the endorheic depression exposed to high evaporation potential. This situation is commonly observed in oases systems created around these salt lakes. The newly formed aquifers, created by the return of irrigation water, are exposed to a high level of evaporation within the gypsum loam sandy soils covering the oases result in the creation of gypsum crusts increasing soil infertility. The platitude of the area and the proximity of Chotts depressions reduce leakage of the accumulated salts (Hamed et al. 2008 (Hamed et al. , 2010a Ben Hassine et al. 2016; Besser et al. 2017b) . Figure 7 presents the coupled effects of human and climate stresses on groundwater quality in the SASS aquifer of North Africa "The North Western Sahara Aquifer System (NWSAS)", better known under the acronym SASS for its French name "Système Aquifère du Sahara Septentrional". It is a large aquifer shared by Algeria, Libya, and Tunisia. The NWSAS designates the superposition of two main deep aquifer layers: the Continental Intercalary (CI) and the Terminal Complex (CT). The SASS is the most heavily used aquifer in North Africa and supplies about 100% of the groundwater used in these regions for irrigation and domestic, industrial, and tourist sectors. This transboundary multi-aquifer has been recharged during the Late Pleistocene and the Early Holocene periods (Fig. 8) . The Pleistocene and Holocene periods could be responsible for the periodic recharge of fossil groundwaters in North Africa. In the last 70 ka before present (MIS 2 and MIS 3, Würm period), three major humid phases have been identified: the Early Würm Pluvial (MIS 3), lasting from 70 to 40 ka before present, the Middle Würm Pluvial (MIS 3), from about 32 to about 22 ka before present and the Late Würm Pluvial (MIS 2), lasting from about 18 to 11 ka before present (Fontes et al. 1983; Ouda 2000; Yermani et al. 2002; Guendouz et al. 2003; Zuppi and Sacchi 2004; Hamed et al. 2008 Hamed et al. , 2010a Hamed et al. , b, 2012a Hamed et al. , 2013 Mokadem et al. 2016; Hamed 2017 Hamed , 2018 .
Among the consequences of this over-exploitation of groundwater are (Figs. 7, 8, 9, 10 ):
• artisianism extinction/decrease of pressure in deep wells; • the springs were negatively affected (discharge declined and/or stopped); • deterioration of the quality (90 g/l in deep well in gafsa basin "Ségui region") and the quantity; • intercommunication between the water reservoirs and petroleum reservoirs due to the anarchic overexploitation of the groundwater; • water and soil salinization (deterioration of structure and texture, perched aquifer neoformation, etc.): salinization effects in irrigated arid areas increase every day with the growing extent of irrigation system; • saltwater intrusions (sea/Chott lands);
• degradation in the irrigated oases (vegetation degradation, sandification, alkalinization, desertification/desiccation in drylands, decrease of the agricultural productivity;
25 Page 8 of 15 Fig. 5 Location of surface and groundwater transfer, intrusion marine, and the recent project in Tunisia (Hamed et al. , b, 2018 • upwelling of fossil and saline thermal water from C.I. aquifer; • appearance of humid microclimates near the oases areas (evacuation of excess irrigation water to avoid plant asphyxia "especially the date palm: Phoenix dactylifera L." and other fruit and vegetables); • increase of water scarcity and pumping costs; • transboundary future global conflicts; • socio-economic impacts (negative impacts on soils and land productivity, abandoning agricultural projects, migration etc.).
Similar to other regions of the world, groundwater in North Africa is a substantial economic resource that is threatened by over-exploitation and contamination from discharge pollutants (industrial sector), which could be exacerbated by climate effect.
Nowadays, over 60% of groundwater exploitation is in the private sector, and sometimes there is no control on its extraction. During the 2000s, 80% of groundwater in southern of Tunisia suffered from abusive exploitation, expressed in the degradation of the quantity and quality. The piezometric level of the Complex Terminal (CT) is dropping at rates ranging from 0.6 to 5 m/year. However, concerning the Continental Intercalaire (CI), the decrease of the water level is about 0.2-1.2 m/year (Hamed 2015a, b) (Fig. 10) . This decrease of the piezometric level is due to the effect of land use and groundwater uptake for the industrial (CPG, GCT, FerFos, petroleum activities) and agricultural sectors (oases area). This situation of piezometric level decrease of the SASS aquifer knew a rise during the period of realization of the great project of the artificial river in Libya (− 10 m).
The situation of water resources deterioration and depletion is not limited to Tunisia, but is also the case in Morocco, Algeria, Libya, Egypt, Jordan, Saudi Arabia, and the Gulf States (Lloyd 1998; Margat 1992; Bank 1994; Foster 1992; Margat and Saad 1983; Margat 1992; Bouri et al. 2008; Hamed et al. 2010b; Mokadem et al. 2016; Hadji et al. 2017 , Hadji 2018 El Gayar and Hamed 2017; Kachi et al. 2017; .
Actually, it is necessary for wastewater treatment and reuse to become an integral part of water services. Although wastewater is polluted, proper treatment can make it applicable in irrigation, industry sector and also (SE Tunisia) in the artificial recharge of aquifers "natural purification". It is now necessary for wastewater treatment and reuse to become an integral part of water services. Although wastewater is polluted, proper treatment can make its application in irrigation quite safe. It also has advantages over fresh water: waste contains the nutrients necessary to support plant growth and we can valorize it for other uses.
In the case of northern Africa, the waters of the SASS are non-renewable "fossil", that is why the groundwater resources have to be exploited (mined) then the revenues from their use, even for domestic purposes, should be able to cover their substitution or they should be invested to enable future generations to substitute them from other resources or by using other technologies. For example, in the Gafsa mining basin, it is necessary to avoid the washing of phosphate by fresh water and also in the oil field. It is also necessary to bring sea water from the Gulf of Gabés (Hamed et al. , b, 2018 (Fig. 5 ).
Recent studies in the southern coast of the Mediterranean basin have shown that shallow aquifers suffer from the intrusion of seawater mainly due to the high water use (agricultural activities, industrial activities, domestic, and touristic demands). In these areas, saline groundwater comes from the sea and from deep saline aquifers, and subsequently intrudes the near-surface coastal groundwater system. The salinization of the subsoil is caused by human-driven processes of land subsidence that have been going on for nearly a millennium (Fig. 9) . Among the most affected areas by the intrusion of sea water in North Africa are El jadida, Annaba, Korba, Sfax, and Gabès (Trabelsi et al. 2007; Hamed 2015a, b; Kharroubi et al. 2012; Agoubi et al. 2013; Redhaounia et al. 2015; Telahigue et al. 2018) .
Once conventional water resources become scarcer, governments would turn to restrictive measures on water demands or to more effective use of existing resources and also to non-conventional sources for countries where water consumption exceeds the limits/low renewable water resources. In southern Mediterranean countries, the treated wastewater constitutes firstly the main alternative for increasing supplies despite the fact that it is still occasionally applied for watering municipal gardens and agricultural fields or for certain industrial processes. Thus, increasing attention for desalinated water is often the last resort for countries to overcome water shortages, which in the case of sea water is principally unlimited resources provide an alternative to inter-basin transfers of a considerable potential to constitute to the alleviation of global water scarcity. Seriously, constrained natural water supplies in the region are forcing North Africa to follow the Middle East and develop seawater and brackish desalination programs. In southern Mediterranean countries, Algeria is a good example to follow with a number of small-scale desalination plants to supply towns along the Mediterranean costs while Tunisia after its successful experience in brackish water desalination. The first large seawater reserve osmosis desalination plant at Djerba island (SE Tunisia) (Hamed 2017) . However, the main challenges for sea water desalination are that it requires heavy capital investment and high operation and maintenance costs. Furthermore, the impacts of these alternatives on marine environment are not ignorable.
Conclusions and recommendations
Climate change is associated with changes in both surface and groundwater supply for domestic, agricultural, industrial, and tourism uses, including irrigation, navigation, and fishing, etc. (IPCC, TAR 2001) . The impacts also depend on the baseline condition of the water supply system and the ability of water resource managers to respond to population growth and changes in demands, technology, and economic, social, and legal conditions (IPCC, TAR 2001; Hamed 2017) . The meteorological disasters such as floods, overexploitation, marine intrusion, and droughts have major effects on food supplies, health, economic, and environmental losses, and social upheaval (Hargreaves and Samani 1985; Harrison and Whittington 2002; Pavel 2003; Goulden et al. 2009; Barrios et al. 2010; Hamed 2017 ; El Gayar and (Hamed 2015a, b) Hamed 2017). Given the complexity of climate change impacts, both there are clearly crude indicators of actual impacts involved in stress and shortage (Blanc and Strobl 2012; Conway et al. 2009; Deichman et al. 2010) .
Climatic changes can be a serious threat to reduce poverty and achieve sustainable development. The North African regions are likely to suffer the most devastating effects of this change because of their geographical location, low institutional capacity to adapt to rapid environmental changes, low incomes of their population, their greater reliance on climate-sensitive sectors, the bad management of water resources, and especially inadequate government mechanisms.
In order to take such problems into account, the following recommendations will be very helpful:
• Rethinking the management of the water sector has become urgent and radical changes towards a balanced resources/demands equation seems to be inevitable for a continuous yield of water resources to guarantee future generations equity in these resources.
• It is necessary to move towards the use of wastewater and desalinization of seawater, especially for the industrial sector and the good management of surface water must be sought.
• Establish continental mechanisms to combat climate effect, drought, and desertification.
• Protect the vulnerable areas of the study region; • Strengthen building-mechanisms capacity for surface and groundwater.
• Adopt a common platform and position on North Africaclimate effect-water resources related issues at continental/oceanic and international levels.
• Move towards smart agriculture, renewable energies, construction of green dams, transfer of dams (E-W and N-S) to avoid the loss of rainwater to the sea, forestation by plants with high tolerances of salinity and which adapt to the dryness of the arid environment.
• Pumping of waterlogged areas. Salt can be flushed away from soils and/or desalinated "artificial recharge". • Now more than ever, we need to be weather-ready, climate-smart, and water-wise. 
